Abstract. Breast phyllodes tumour (PT) is a rare fibroepithelial tumour. The genetic alterations contributing to its tumorigenesis are largely unknown. To identify genomic regions involved in pathogenesis and progression of PTs we obtained genome-wide copy number profiles by array comparative genomic hybridization (CGH).
Introduction
Phyllodes tumour (PT) is a biphasic tumour of the breast, i.e. composed of an epithelial and a stromal the pathogenesis and progression of PT. With higher tumour grade, PTs show overexpression of p53 [4, 5] , EGFR [6] and HIF-1α [7] . Furthermore, p53 accumulation was found to predict prognosis [4] . Little is known about the genetic alterations contributing to PT genesis, however. Conventional cytogenetic studies using short term culture and G-banding failed to detect recurrent PT-specific aberrations [8, 9] . Using CGH, a technique which screens the whole genome for DNA copy number alterations, Lu et al. found recurrent gain of 1q and loss of 3p in PT. In addition, gain of 1q was shown to be predictive of clinical behaviour [10] . Another group narrowed the minimal overlapping region down to 1q21-q23, but was unable to confirm its relation to clinical behaviour [11] .
Recently, CGH was refined by the introduction of microarray based CGH (array CGH) [12, 13] . In contrast to chromosome based CGH, which uses metaphase chromosomes as hybridization targets, array CGH uses genomic clones (BAC, P1, cosmid or cDNAs) or oligonucleotides as targets. The genomic resolution of chromosome based CGH is approximately 10-20 Mb, whereas the resolution of array CGH is mainly dependent on the genomic distance between the arrayed DNA elements and the size of the elements [12] . Besides this superior resolution, array CGH allows direct mapping of alterations to the human genome sequence [12, 14] . These properties facilitate the identification of candidate oncogenes and tumour suppressors participating in tumour formation and progression [15] . Acquiring genomic profiles of PT by array CGH may identify chromosomal alterations involved in PT tumorigenesis. Further, comparing different tumour grades may reveal genomic regions and genes contributing to progression of PT towards a malignant phenotype.
Material and methods

Tissue
Fresh frozen tissue samples, which were used anonymously [16] , were retrieved from the tissue banks of our hospitals. 11 PT, 10 primary tumours and one recurrence, were studied. Microscopically, benign PT may resemble fibroadenoma, a frequently occurring benign fibroepithelial breast tumour. We therefore analyzed three fibroadenomas as controls. Two 4 µm sandwich H&E cryosections were examined to identify normal tissue and for grading of the tumour. PT was graded according to the criteria of Moffat et al. [2] . In brief, based on the degree of stromal overgrowth, margin infiltration, stromal cellularity, stromal atypia and number of mitosis, tumours were graded as benign, borderline or malignant. Mitotic figures were counted using established criteria in ten consecutive fields at 400× magnification [17] . The percentage stroma and epithelium was estimated for each case. Blocks containing areas of normal tissue were trimmed. Ten µm sections were cut for DNA isolation. DNA extraction was performed using affinity columns (QIAmp Tissue Kit, QIAgen Inc.) with modifications to the manufacturer's protocol [18] .
Array CGH
Array CGH was carried out as described previously [14] using arrays of 2464 BAC clones printed in triplicate (HumArray 2.0). Approximately 300 ng of tumour and reference DNA were labelled by random priming (BioPrime DNA labelling, Gibco BRL) to incorporate Cy3 dCTP and Cy5 dCTP (Amersham Pharmacia Biotech). Images were acquired with a custom build CCD camera system [19] resulting in 16 bit 1024 × 1024 pixel DAPI, Cy3 and Cy5 images. Imaging processing was performed using two custom programs, SPOT and SPROC software packages (http:// www.jainlab.org/downloads.html) [20] . The normalized log 2 transformed fluorescence ratio generated for each spot is associated with a BAC clone mapped on the July 2003 freeze of the draft sequence of the human genome (http://genome.ucsc.edu). Fluorescence ratios of clones for which only one of the triplicate values remained after SPROC analysis or for which the standard deviation was >0.2 were rejected from further analysis.
DNA copy number profiles were visually inspected and DNA copy number gains or losses were called when two interpreters (AK and AMS) independently identified a genomic region as either gained or lossed. Low-level single BAC clone alterations were not counted as real events. An amplification was defined by a single clone or group of clones with a normalized log 2 transformed fluorescence ratio of 1.0 or larger, with the graph showing a peak rather than a plateau. Multiple gains, losses and amplifications on a chromosome arm were counted as separate events.
Results
Array CGH was performed on 5 benign, one borderline and 5 malignant tumours. A mean of 253 (range 153-479) clones per hybridization were rejected from final analysis. Not surprisingly, as stromal overgrowth is a diagnostic criterion, the stroma was the dominant component in PT, comprising more than 75% of the tumour (mean 87%, range 78-99%). Ten of 11 PT (91%) showed chromosomal aberrations, whereas fibroadenomas displayed no copy number changes at all. Even low-level single BAC clone alterations were absent in fibroadenomas. The mean number of chromosomal events, i.e. the sum of all gains, losses and amplifications, was 5.5 (range 0-16) per case of PT. A mean of 2.0 gains (range 0-10) and 3.0 losses (range 0-9) was seen per case of PT. The relation between tumour grade and DNA copy number changes was not significant. Surprisingly, case 1, a benign PT, harboured the highest number of genomic alterations and may therefore responsible for the lack of correlation between grade and copy number change. We considered misclassification, but after reevaluation benign grade still remained appropriate for this case.
Detailed information on copy number alterations per case is displayed in Table 1 . A schematic overview of the distribution of chromosomal aberrations per case is given in Fig. 1 . We observed recurrent losses on chromosome 1q, 4p, 10, 13q, 15q, 16, 17p, 19 and X. Recurrent copy number gains were seen on 1q, 2p, 3q, 7p, 8q, 16q, 20.
Amplifications were seen infrequently (3 of 11 PT). One malignant PT (case 7, Table 1 ) displayed a complex cluster of 3 amplicons on chromosome 5q (Fig. 2) . The proximal amplicon, located at 5q11.2, harbours interleukin 6 signal transducer isoform 1 (IL6ST) and MAP3K1. PIK3R1 maps to the second amplicon at 5q12, whereas no known cancer-related genes map to the distal amplicon at 5q13. A primary PT (case 9, Table 1 ) and its corresponding recurrence (case 10, Table 1 ) shared an amplification at 22q11. 22 . Genes mapping to this amplicon include PPM1F, TOP3B, MAPK1, PIK4CA and PRAME.
Losses at 16q were observed in 5 of 11 PT. One PT showed loss of the 16q-arm and two PTs showed loss of the entire chromosome 16, whereas two other tumours showed focal loss at 16q. Combining these results revealed two minimal regions of deletion; one at 16q22-23 (4.4 Mb), the other distally at 16q24-tel (6.8 Mb). Recurrent copy number loss was found at chromosome 13q (3/11 PT), overlapping at 13q13-q14.3 (12.2 Mb). Loss at chromosome 19 was detected in 3 of 11 PT. Interestingly, losses at 19q never included the CCNE1 region, which remained at normal copy number. Further, loss at chromosome 17p, overlapping at 17p12-p13 (14.9 Mb), was found in 2 of 11 PT.
DNA copy number gains were detected on chromosome 7p (2/11 PT) and chromosome 8q (2/11 PT). In previous reports gain at 1q was a prominent alteration [10, 11, 21] . In our work, two (18%) PT showed gain of the complete 1q arm.
Discussion
In the present study, genomic profiling by array CGH revealed chromosomal instability in the majority of PT (91%). PT grade and copy number alterations were not related. In line with previous studies [21] [22] [23] , not a single chromosomal copy number alteration was found in 3 fibroadenomas. The differences in clinical behaviour between fibroadenoma and PT therefore seem to be reflected at the genomic level. We here describe novel regions of altered DNA copy number in PT, some of which mapped to regions harbouring well known oncogenes or tumour suppressor genes.
Since both fibroadenomas and PT are biphasic tumours, a separate analysis of epithelium and stroma would be preferable. However, since the epithelium is mostly one-layered (like normal breast epithelium), harvesting sufficient DNA for array CGH is very difficult. In addition, genomic amplification techniques such as DOP-PCR need further optimization. In the present study we, therefore, analyzed each tumour as a whole. Since array CGH reliably detects copy number change against a background of up to 50% contaminating cells [24] , previous studies allowed a maximum of 25% contaminating cells [25, 26] . Because the epithelial component comprises less than 25% of the whole tumour, our results reflect copy number changes of the stroma, which usually is the progressive component of PT and therefore most interesting to study. Further refinement of amplification techniques may make whole genome screening of the epithelial component feasible.
Ultimately, the effect of copy number change at the gene expression level determines the impact of individual chromosomal alterations on tumour progression. This relation between gene dosage and expression is obvious in oncogenic activation by DNA sequence amplification, such as HER2. Chromosomal amplifications were rare and were found exclusively in malignant PTs, in keeping with the general notion that amplifications are more prevalent at advanced tumour stage [27] . One malignant PT displayed a complex cluster of three amplicons with similar amplitudes on 5q (Fig. 2) , suggesting that these regions are co-amplified and physically present in one amplicon. The fact that no known cancer related genes are present in the third amplicon can thus be explained. The mechanisms behind the formation of these complex amplicons remain elusive, though. Two previous studies found no amplifications in PT [10, 11] . Very recently, Jones et al. analyzed 40 PTs by array CGH and detected 5 amplifications in borderline and malignant grade tumours [21] . All this emphasizes that highlevel amplifications are infrequent. On the other hand, low-level copy number changes were frequently found. The relevance of these alterations has been disputed for a long time. The influence of modest copy number change on gene expression was recently demonstrated in genome-wide experiments [28, 29] . Further, low-level copy number gain of PIK3CA results in its increased expression [30, 31] . Therefore, the low-level changes described here might result in a survival advantage to the cell. We included low-level changes composed of multiple altered BAC clones, but chose to exclude single BAC clone changes. Although these alterations may reflect genetic instability and may be counted as real events [32, 33] , single clone changes may be a result of clone mismapping or inadequate hybridization. Some changes may have been underestimated by this approach (such as 8q and 13q alterations), but we feel we have focused on the biologically most relevant changes for the tumour. Two previous studies used chromosomal CGH to obtain genomic profiles of PT [10, 11] . On the whole, we found more chromosomal events per case with array CGH. Further, we added novel regions of DNA copy number change (e.g. loss at chromosome 19) to those of presumed importance in tumorigenesis of PT. The resolution and sensitivity of array CGH enabled us to pick up small regions of altered DNA copy number, which in chromosome CGH may be masked by averaging effects. All studies, including the present, are hampered by suboptimal sample size due the low incidence of PT and may, therefore, be liable to sampling bias. Previously, we detected a positive relation between tumour grade and cell cycle deregulation in the stroma of PT [4] . Deregulation of the cell cycle machinery may lead to loss of genetic integrity and accumulation of chromosomal alterations at higher grade. In the study by Jones et al. grade and genomic instability were indeed related [21] . Like Jee et al. [11] , we did not find a significant relation between copy number changes and tumour grade, however. We found copy number alterations in all benign PTs, suggesting that genomic instability is an early event in PT tumorigenesis. The presence of unbalanced chromosomal aberrations in benign grade tumours may be surprising. Benign PTs, however, have the capacity to recur and progress to higher grade. The genomic imbalances in these "benign" tumours may reflect these characteristics. In some respects "benign" grade is, therefore, somewhat misleading. "True benign" fibroadenomas did not show any alterations, demonstrating that genomic instability is not a general feature of fibroepithelial tumours.
Overall, loss at 16q was the most frequent chromosomal aberration found in our study. Two distinct regions of copy number loss were identified. The proximal overlapping region harbours CDH1 (E-cadherin), CDH3, CTCF, NQO1 and TERF2. Cancer related genes mapping to the distal region of overlap include CDH15 (M cadherin), CDK10, FANCA and GAS8. Losses at 16q were described by Jones et al. as well [21] . Several members of the cadherin family may be involved in 16q loss. Although loss of 16q and E-cadherin expression play major roles in the pathogenesis of lobular breast cancer [34] , E-cadherin seems to be of minor relevance in PT or fibroadenomas [35] . Cadherin-family members 3 and 15 also map to these regions of loss. The role of the cadherin family in fibroepithelial tumours is unclear, but loss of cellular cohesion may reflect an early step towards the capacity to disseminate.
We firstly describe recurrent losses at chromosome 19 in PT. Candidate tumour suppressor genes mapping to the areas of copy number loss include XRCC1 and BAX (Bcl-2 associated X protein). BAX is a pro-apoptotic gene functioning as a tumoursuppressor gene [36] . Reduced levels of BAX mRNA have been described in invasive breast cancer as compared to normal breast tissue [37] and reduced immunostaining has been associated with shorter times to tumour progression and overall survival [38] . In a previous work BAX expression was found in three of 19 PTs, whereas it was absent in normal mammary stroma [5] . This suggests that in fibroepithelial tumours baseline BAX expression differs from that in epithelial malignancies and that expression of BAX is the pathological state. Furthermore, losses at 19q did not seem to include the CCNE1 region, suggesting the presence of negative selection pressures against loss of this region. All this implicates other chromosome 19 genes as more likely candidates in PT development.
Whole arm gain of 1q was the most common alteration in previous studies [10, 11, 21] . The incidence was lower in our group, being present in two benign tumours (18%). In the largest study, 1q gain was found exclusively in borderline and malignant tumours [21] , while others, like us, showed it in benign tumors as well [10, 11] . Lu et al. demonstrated that gain of 1q was predictive of clinical behavior [10] , but others could not confirm this [11] . These differences are most likely related to intratumoural heterogeneity [21] and/or selection bias related to the low incidence of PT. Still, 1q gain is a common alteration in PT and may be an important event in PT progression. Many cancer related genes reside on 1q, including MUC1, HDGF, MDM4, WNT3A and AKT3, but the contribution of the individual genes to PT genesis is currently unknown.
Additional data on tumour suppressor and oncogene expression to which we can relate our current findings is sparse. Recently, we demonstrated that TP53 overexpression is related to tumour grade and predicts prognosis, hereby establishing the importance of the TP53-axis in PT [4] . Mutations in TP53 have been described as well [5, 39] . Not surprisingly therefore, we found a region of common loss at 17p12-p13, which contains TP53. In addition, a recent study described copy number loss at 17p13 in 8 of 40 tumours [21] . However, 17p13 loss was not accompanied by TP53 immunostaining or mutation, suggesting that 17p13 loss may not involve TP53 or alternatively reflect loss of only one allele, with deletion of the other allele with further disease progression [21] . Interestingly, recurrent losses at 16q may involve the TP53 stabilizing gene NQO1. Lack of NQO1, leading to increased proteasomal degradation of TP53 [40] , may disable the TP53 pathway as well. Previously, we found that loss of RB1 expression was not related to grade or survival [4] . However, immunoquantification was problematic due to marked intratumoural heterogeneity. In the present study, we found loss at 13q13-q14.3 (12.2 Mb) containing RB1 in three tumours, including one malignant PT and its recurrence. In addition, isolated BAC clone loss was seen in two tumours. Losses at 13q were described previously as well [10, 11, 21] . These findings may indicate a more prominent role for RB1 loss than suggested by immunohistochemistry. cMYC expression has been demonstrated in the stroma of PT [41] . Gain at 8q24.1-q24.2 (9.1 Mb) was found in two tumours, with MYC situated in the minimal region of overlap. In addition, one tumour showed isolated BAC clone loss here. Lu et al. previously described gain at this region [10] . Although copy number gain may play a role in cMYC expression, it has been demonstrated that this is not the major mechanism of cMYC expression in PT since a minority of tumours showed additional copies of MYC as determined by FISH [41] . In this light, recurrent losses at 16q22-q23 which contain the candidate tumour suppressor gene CTCF are interesting. CTCF was found to be a transcriptional repressor of MYC [42] . Deletions at its corresponding locus have been commonly observed in breast and prostate cancer [43] . Loss of CTCF copy number may therefore influence cMYC expression levels.
The importance of the EGFR pathway in PT progression has recently been reported [6, 44] . Overexpression of EGFR was found more frequently at higher grade and was related to both amplification of the CA repeat in intron 1 of EGFR and to EGFR whole gene amplification. Intron 1 CA repeat amplification was present in 42% of cases, whereas whole gene amplification was detected in 16% of tumours. Comparable to the latter, we found gain at 7p with the minimal overlapping region (9.2 Mb) containing EGFR in 2 of 11 tumours (18%). Caveolin-1 and eps15 are involved in EGFR signalling and turnover and their expression was found to be related to intron 1 CA repeat amplification [44] . This may be indicative of an important molecular pathway driving PT progression. We found no copy number alterations at the corresponding loci of caveolin-1 and eps15, suggesting that mechanisms other than gene dosage are responsible for increased expression of these genes.
In conclusion, fibroadenomas lacked copy number alterations, whereas chromosomal instability was found in all but one PT. Copy number change was observed in all PT grades, suggesting that genomic instability is an early event in PT genesis. Several areas of recurrent copy number change harbour well-known oncogenes or tumour suppressor genes. With the development of arrays with overlapping clones and contiguous coverage of the genome [45] , it will become possible to pin-point the most relevant changes even further.
